This study investigated the effect of a 30-cm covering of finished compost (FC) on survival of Escherichia coli O157:H7 and Salmonella spp. in active static and windrow composting systems. Feedstocks inoculated with E. coli O157:H7 (7.41 log CFU/g) and Salmonella (6.46 log CFU/g) were placed in biosentry tubes (7.5-cm diameter, 30-cm height) at three locations: (i and ii) two opposing sides at the interface between the FC cover layer (where present) and the feedstock material (each positioned approximately 10 cm below the pile's surface) and (iii) an internal location (top) (approximately 30 cm below the surface). On specific sampling days, surviving populations of inoculated E. coli O157:H7 and Salmonella, generic E. coli, and coliforms in compost samples were determined. Salmonella spp. were reduced significantly within 24 h in windrow piles and were below the detection limit after 3 and 7 days at internal locations of windrow and static piles containing FC covering, respectively. Likewise, E. coli O157:H7 was undetectable after 1 day in windrow piles covered with finished compost. Use of FC as a covering layer significantly increased the number of days that temperatures in the windrows remained >55°C at all locations and in static piles at internal locations. These time-temperature exposures resulted in rapid reduction of inoculated pathogens, and the rate of bacterial reduction was rapid in windrow piles. The sample location significantly influenced the survival of these pathogens at internal locations compared to that at interface locations of piles. Finished compost covering of compost piles aids in the reduction of pathogens during the composting process.
A nimal manure and composts produced from them traditionally are used as fertilizers and soil conditioners in both conventional and organic cropping systems (1, 2) . Livestock and poultry manures naturally contain a wide range of bacteria, viruses, and protozoa pathogenic to animals and humans (3, 4) . The levels of these pathogens in manure can vary within and between herds, as well as seasonally, and they depend partially on the animal species. Generic Escherichia coli is present in manure from all species, whereas Salmonella spp. commonly are found in poultry manure (5, 6) . Animal manure has been implicated as the possible source of pathogens involved in outbreaks of food-borne illness associated with consumption of contaminated fresh produce (7) . Raw manure use as a soil amendment is allowed 90 or 120 days prior to harvest of produce from certified organic systems, depending on the extent of contact of the edible portion with the soil (8, 41) . However, certified organic farmers are encouraged to use composted animal manure and are required to document that the compost has been produced in a manner that attains timetemperature exposure conditions conducive to pathogen reduction (8) .
The composting process depends on the natural activity of microorganisms to degrade the organic feedstock material. The decomposition process begins with a complex variety of mesophilic microorganisms that break down waste, generating heat, which causes an increase in temperature (9) . High temperatures (Ͼ45°C) encourage metabolic activity of thermophilic microorganisms, which perpetuate the decomposition and ensuing heat production until readily available nutrient sources are depleted and the respiratory activity subsides. With sufficient mass in the feedstock pile, heat cannot diffuse rapidly; thus, the piled mass achieves and sustains temperatures of Ն55°C (10) . Many jurisdictions in the United States and elsewhere have adopted the time-temperature criteria established by the U.S. EPA for composting: temperatures of Ն55°C for 3 days in aerated static piles or 55°C for 15 days with five turnings in windrow systems (11) . Along with an increase in temperature and exposure time, other factors, such as moisture content, substrate availability, C:N ratio, oxygen level, wind speed, solar heating, ambient temperature, and humidity, determine pathogen reduction during composting (12, 13) .
Investigations on pathogen decline during composting in either laboratory-scale reactors or field settings both attributed a critical role to increased temperature in pathogen inactivation (14) (15) (16) (17) . A number of studies demonstrated that under farm conditions, the static compost piles can achieve temperatures necessary for pathogen inactivation (15, (17) (18) (19) . On the other hand, there are reports on extended pathogen survival in static compost piles (16, 20, 21) , suggesting that other factors, such as uneven temperature distribution within the pile, low outdoor temperatures, and winds, create niches lacking the exposure to elevated temperatures. Commonly, peripheral areas of compost piles or windrows may have a tendency to achieve temperatures insufficient for pathogen inactivation, and in unturned heaps, these areas could harbor pathogens for prolonged periods of time. To prevent heat dissipation at the surface and improve uniformity of temperature distribution within the composting pile, the use of various insulating coverings was recommended (22) (23) (24) . In a recent study, covering static compost heaps with finished compost ensured an increase in temperature from 7 to 15°C greater than that in uncovered heaps or in those covered with straw (25) . Because finished compost is a common farm material and Shepherd et al. (25) showed its efficacy in improving inactivation of E. coli O157:H7 in static compost heaps, it is important to evaluate the effectiveness of this strategy for a windrow composting system. The objective of the current study was to validate the application of finished compost as a physical covering to control Escherichia coli and Salmonella spp. in static and windrow composting processes.
MATERIALS AND METHODS
Preparation of compost piles. The study was conducted at the on-farm compost facility at the U.S. Department of Agriculture (Beltsville, MD). Cone-shaped static compost piles (5 m 3 each, 2-m-diameter base and 1.5 m high, with a surface-to-volume ratio of ϳ3.60 m 2 /m 3 ) were constructed on top of a 15-cm layer of straw (Fig. 1) . Feedstock consisted of dairy solids, calf manure, straw bedding, excess feed, and old hay (85:5:5:5). Three static piles were covered with 30 cm of finished compost (SFC) with a bulk density of approximately 298 kg/m 3 . Three additional static piles, which served as controls, were uncovered (SN). Two trapezoid-shaped windrow piles, each approximately 2.5 m wide at the base, 0.5 m wide at the top, 1.5 m high, and 15 m long and comprising 25 m 3 feedstock with a total surface area-to-volume ratio of 1.5 m 2 /m 3 , were constructed without a straw base. Similar to static piles, a 30-cm insulating layer of finished mature compost (WFC) was placed on top of the feedstock on one windrow pile. Another windrow pile with no covering of finished compost served as a control (WN). Each windrow was divided into three sections of 5-m lengths to obtain three replicates. Windrow piles were turned by a front-end loader on day 14 and twice more during the remaining duration of the trial. The piles were turned without removing finished compost cover; however, biosentry tubes were removed prior to turning and then reinserted to their original depth relative to the pile exterior surface. All piles and windrows were exposed to conditions present in the unprotected outdoor environment on a hardened lime-stabilized soil pad with a 2% slope to prevent anaerobic conditions at the base of the piles.
Compost sample preparation and inoculation. We used avirulent green fluorescent protein (GFP)-labeled E. coli O157:H7 strain B6914, resistant to nalidixic acid, and Salmonella enterica strain LT2, resistant to rifampin, from our USDA-EMFSL culture collection. Frozen (Ϫ80°C) strains were partially thawed at 20°C for 15 min and inoculated in tryptic soy broth (TSB; Neogen, Lansing, MI) containing 50 mg/liter of nalidixic acid for E. coli and TSB containing 80 mg/liter of rifampin (XLT-R; Sigma) for Salmonella. These strains were grown individually in a sterilized fecal slurry as previously described (26) .
A cocktail of inoculated slurry (850 ml) containing equal volumes of E. (27) (28) (29) . A total of 54 perforated biosentry tubes were prepared using polyvinylchloride (PVC) pipes (7.5-cm diameter, 30-cm length) covered on both edges with fiberglass screen to allow for gas and temperature equilibration. Each biosentry tube had 24 holes staggered equidistantly around the length of the tube to allow gas exchange between the compost material and the samples inside the tube. Each biosentry tube was labeled and contained a temperature recorder, seven sample sachets for microbial analysis and nine 50-g sachets with uninoculated feedstock for physical analysis. Biosentry tubes were placed at three locations: (i and ii) two opposing sides (east and west) at the interface between the finished compost cover layer (where present) and the feedstock material (each positioned approximately 10 cm below the pile's surface) and (iii) an internal location (top) (approximately 30 cm below the surface). Temperature and physicochemical analysis. A temperature data logger (LogTag data logger; MicroDaQ, Contoocook, NH) was used to record pile temperatures at 30-min time intervals. On specific sampling days, tubes were pulled from their pile locations with the aid of an ϳ2-m rope tied around the tube, and samples for physicochemical and microbial analyses were removed. The tubes containing the remaining compost samples were reinserted into the compost piles. The pH and electrical conductivity measurements were performed according to standard methods using 5-g samples in 50-ml distilled, deionized water (30) . Moisture content, total carbon, and total nitrogen were analyzed by an elemental analyzer (Elementar Vario Max CNS; Elementar Analysensysteme GmbH, Hanau, Germany) using the method described previously (30) .
Microbiological analysis of compost samples. Salmonella enterica serovar Typhimurium strain LT2 and E. coli O157:H7 B6914 were used as surrogate pathogenic organisms, and populations of total coliforms, fecal coliforms, and E. coli were assayed throughout the composting period. Sampling methods outlined in this study were adapted from the U.S. Testing Methods for the Examination of Composting and Compost (30) with a slight modification. Samples (n ϭ 252) from the three locations of the compost piles (static and windrow) per sampling day were obtained and transferred aseptically and individually into a sterile filter bag (FiltraBag; Thomas Scientific). Two methods were used for the enumeration of bacteria. Samples were weighed and 10ϫ diluted with 0.1% sterile buffer peptone water (Neogen); bags were massaged manually for 2 min to avoid bag punctures from stomaching compost materials. The mixture then was sonicated gently for 5 min using a Branson 5510 sonicator (Transcat Inc., Rochester, NY), serially diluted (1:10), and plated in duplicate onto sorbitol MacConkey agar supplemented with 0.05 mg/liter of cefixime, 2.5 mg/liter of potassium tellurite, and 50 mg/liter of nalidixic acid (CTSMAC-NA; Sigma); xylose lysine tergitol-4 (Neogen) supplemented with 80 mg/liter of rifampin (XLT-R, Sigma); MacConkey agar (MA); and MA supplemented with 4-methylumbelliferone-␤-D-glucuronide (MUG; Inalc, Milan, Italy) for E. coli O157, Salmonella, total coliforms, and fecal coliforms, respectively. Besides direct plating, the three-tube, three-dilution most-probablenumber (MPN) technique was used for enumeration of total coliforms, fecal coliforms, and E. coli populations by following the TMECC 07.01 and 07.02 procedures from reference 30.
Statistical analysis. Bacterial populations obtained as MPN were transformed to log CFU per gram. The counts were analyzed with a threeway analysis of variance (ANOVA) using the PROC MIXED procedure of SAS, version 9.3 (SAS Institute, Cary, NC). The effects of compost pile type, FC cover, sample location, sampling days, and their interactions were compared. Similarly, the pH and moisture contents were analyzed using the PROC MIXED procedure. The level of statistical significance was set at P Ͻ 0.05.
RESULTS
Temperature, moisture, and C:N content during composting. The initial moisture content (69.1%) was slightly high to be considered acceptable for composting (25) . The moisture content of compost was reduced during the composting process; significant reductions were observed on day 14 in most static and windrow compost samples irrespective of covering (Table 1) . At day 28, the moisture content was significantly lower in compost samples collected from internal locations of static piles and of windrow piles without covering compared to samples collected from interface (west) locations of corresponding piles. There was no specific pattern in moisture loss, as precipitation also influenced the moisture content of compost. Moisture variation was common in windrow piles due to turning events. The final compost moisture at day 84 was 17 to 38%, except for west interface locations of WFC piles.
The initial C:N ratio (30.22%) was acceptable according to compost guidelines published by the National Organic Standards Board (8). The C:N ratio was reduced to ϳ16% at 84 days, indicating carbon loss during the composting process (Table 2 ). There were no significant differences in C:N ratio due to type of compost pile, cover, or sample locations. No E. coli O157:H7 or Salmonella spp. were detected in compost feedstock used for sample preparation.
The initial pH (8.58) of the compost decreased gradually during 84 days; however, the reduction was not significant (Table 1) , and overall pH decreased approximately one pH unit. The change in pH during composting was not affected by the type of composting pile, use of finished compost covering, or sampling locations.
Compost piles were constructed during late fall season, 2012. Temperature increased rapidly in static and windrow piles, particularly at top locations ( Fig. 2 to 5) . In static piles, temperatures at the internal locations were significantly higher than the temperatures at the interface locations. Temperatures at the top and interface (east) locations of static piles covered with 30-cm layers were significantly different. Increased temperatures also were reported in windrow piles covered with 30 cm of finished compost; however, the differences were not significant, except for those at the west interface locations of windrow piles. The total numbers of days that temperatures exceeded 55°C were 40 and 33 days for internal locations of WFC and WN piles, respectively, whereas the numbers of days above 55°C in static piles were 27 and 10 for internal locations of SFC and SN, respectively ( Table 3 ). The sampling locations significantly influenced temperature variations. At interface locations of SN, SFC, and WN piles, temperatures of Ն55°C were recorded for only 3 days or fewer. A 30-cm covering of windrow pile didn't affect the maximum temperature significantly; nevertheless, it increased (P Ͻ 0.05) the number of days at Ն55°C compared to that of windrow piles without covering. The temperature was Ն55°C for at least 5 days of the first week at internal locations of static and windrow piles.
E. coli O157:H7 and Salmonella survival in compost piles. Initial E. coli O157:H7 populations of 7.41 log 10 CFU/g in static and windrow piles were reduced significantly within 24 h in all internal samples. No E. coli O157:H7 organisms were detectable at 1 day in WFC and WN piles in samples collected from interface and internal locations, respectively ( Fig. 2 and 3) . At 3 days, no E. coli O157:H7 organisms were detected in compost samples collected from internal or interface locations of WFC piles. However, E. coli O157:H7 was recovered at 56 and 84 days in samples collected from east and west locations of WN piles, respectively (Fig.  3) . No E. coli O157:H7 was detectable within 3 days in compost samples collected from top locations of SN and SFC piles. The effect of sample locus was evident in static piles, as E. coli O157:H7 populations were detected at 84 days in east and west locations of SN and SFC piles (Fig. 4 and 5) .
Initial Salmonella populations in static and windrow compost piles were 6.46 log 10 CFU/g, and population declined significantly within 24 h in windrow piles irrespective of sampling locations and in static piles at internal locations ( Fig. 2 to 5 ). The populations of Salmonella were reduced below the detection limit within 1 and 3 days in WFC and WN piles, respectively, but persisted longer in static piles. This pathogen was undetectable after 7 and 28 days in SFC and SN piles when sampled from internal and west interface locations, respectively ( Fig. 4 and 5) . Salmonella was recovered at 84 days in SN piles sampled from the east interface (Fig.  5) . The use of 30 cm of FC as cover reduced Salmonella at a higher rate in both static and windrow compost piles than in piles without FC.
Survival of coliforms and E. coli in compost.
Initial populations of total coliforms were 8.73 log 10 CFU/g in compost piles (Fig. 6) . Total coliforms were reduced significantly (up to 8 log 10 units) after 3 days in all samples of windrow piles. Regrowth of total coliforms was observed at day seven in all windrow samples. Likewise, total coliforms were undetectable in internal samples of SN piles on day 14 and SFC piles on days 28 and 56. Coliform populations were detected (2.56 to 3 log 10 CFU/g) in all samples at 84 days. Coliforms persisted in all compost samples in the range of 2.26 to 3.04, irrespective of sample location, compost pile, or cover.
The populations of generic E. coli (5.63 log 10 CFU/g) were reduced significantly by 3 days in all compost samples except in the SN pile at the west location (Fig. 7) . Further, this bacterium was undetectable by 3 days in all samples from windrow piles irrespective of covering or sample location. Similarly, E. coli levels were reduced below the detectable level within 3 days in SN and SFC pile samples from internal locations. Generic E. coli organisms were undetectable in all compost samples after 14 days, except for the east interface location of static and windrow piles, where the potential regrowth of generic E. coli was observed at day 56. Initial fecal coliforms (7.4 log 10 CFU/g) were reduced during the composting process. The rate of reduction was significant at 3 days in windrow piles and in those samples collected from internal locations of static piles (Fig. 8) . Fecal coliforms were undetectable at 3 days in WFC piles at all three locations but were recovered at day 14, followed by reduction to undetectable levels on days 28 to 84. Fecal coliforms were detected in all static piles at a level below 3 log 10 CFU/g during 14 to 84 days of composting with undetectable levels in a few samples.
DISCUSSION
Field studies have shown that pathogenic E. coli may have extended survival at the compost surface and on the periphery of the piles when unturned (16) . For static aerated composting, the use of physical covering materials has been recommended to maintain high internal compost temperatures and help reduce odor emissions from a compost pile (11, 31) . The California Leafy Green Marketing Agreement suggests covering static piles with at least 30 cm of insulating material (41) . A recent U.S. Food and Drug Administration (32) rule proposes either static composting that maintains aerobic conditions at 55°C for 3 days followed by adequate curing, which includes proper insulation, or turned composting that maintains aerobic conditions at 55°C for 15 days, with a minimum of five turnings, and is followed by adequate curing, including proper insulation. Physical covering of compost has been evaluated in limited studies. Static pile composting covered with permeable polypropylene or an insulated pool tarp should help in raising pile temperatures to those suitable for pathogen inactivation (22, 23) . The temperature of static compost piles of bovine manure-straw mixtures overlaid with 15 cm of straw was 70°C within 2 days compared to 58°C in piles without the straw cover layer (28) . Results from a companion study showed that straw layers at the base and exterior of bovine manure piles and incorporated into the feedstock mixture can extend the duration of the self-heating period and can expand the thermophilic locations, avoiding the tendency of the bottom areas to remain cool and very substantially reducing populations of E. coli, salmonellae, and Listeria during 28 days of composting (29) . A 30-cm layer of finished compost with a bulk density of 298 kg/m 3 as physical covering resulted in the most rapid E. coli O17:H7 reduction at the interface between physical covering and fresh compost surface compared to uncovered piles (25) . However, the effect of straw as a physical covering was not evident in their study. We found a significant increase in the number of days above 55°C at internal and interface locations of windrow piles and at internal locations of static piles when a 30-cm cover layer of finished compost was used. It also was reflected by complete inactivation of E. coli O157:H7 at these locations within 3 days of the start of composting.
Rapid reduction of E. coli O157:H7 has been reported in compost when studies are conducted in environmental chambers (15, 33) . Hutchison et al. (14) reported complete inactivation of E. coli O157:H7 after 8 days in surface samples of a static compost pile. Similarly, Nicholson et al. (34) reported reductions in E. coli O157:H7 from 5.2 log 10 CFU/g to undetectable levels in static piles after 1 week at a temperature above 55°C. In their study, the E. coli O157:H7 survival patterns on internal and interface samples of compost piles were similar. In another study, E. coli O157:H7 survival varied by sample location. It was undetectable after 2 weeks at internal locations of static piles but was recovered for up to 4 months at interface locations (16) . Our results are in agreement with Shepherd et al. (16), as we found inactivation of E. coli O157:H7 at internal locations but not at the interface. E. coli O157:H7 survival varied with moisture level in compost; it survived for 4 days in active compost with 30% moisture compared to survival for 5 days at 55°C with 40% moisture (15) . The inclusion of vegetable waste in composting facilitated rapid E. coli O157:H7 reduction in studies (33) . In our study, the raw material of compost should not influence the inactivation of pathogens at different locations in the piles, as inoculated composts for windrow and static piles were similar. Uneven inactivation of pathogens at different locations in the piles could be due to differences in temperature, C:N ratio of the compost, pile size, changes in ambient temperature, frequency of turning, and other environmental factors, such as desiccation, UV exposure, and rain. Rain will settle the pile, as will the overall decomposition during the process, potentially reducing the depth of biosentry tubes inserted into the pile. Salmonella spp. were more sensitive to heat than E. coli O157:H7 in our study. They were inactivated within 24 h in windrow piles covered with 30 cm of finished compost and in 3 days in windrow piles without covering. Similar to E. coli O157:H7, survival of Salmonella was dependent on the temperature (Ն55°C) of compost piles. Cekmecelioglu et al. (35) also observed greater reduction of Salmonella and E. coli O157:H7 in windrow piles than in static piles. They attributed greater reduction to the longer duration of higher temperatures (Ͼ55°C) in windrow composting. Singh et al. (33) reported the inactivation of Salmonella in less than 12 h in compost once temperature reached Ն50°C. Hassen et al. (36) also reported complete reduction of Salmonella species in composting of municipal waste once the temperature reached 55°C. Salmonella enterica serovar Senftenberg strain W775 was inactivated within 10 h of composting at 60°C, with a moisture content of 60 to 65% (37) . Salmonella spp. survived after 2 weeks of windrow composting of swine manure litter with temperatures above 64°C (38) . Collectively, these studies illustrate that the inactivation of Salmonella depends on the kind of manure and feedstock, the composting process and operations, strain, method of detection, and other environmental factors.
Survival of E. coli O157:H7 was not correlated with survival of total or fecal coliforms or generic E. coli in our study. Coliforms decreased initially on day seven, followed by an increase on day 14, and remained high until 28 days (39). We found a gradual de- crease in total and fecal coliforms throughout the sampling period up to 84 days. Generic E. coli was undetectable after 14 days in samples collected from all locations except for east interface locations of static control piles. In addition to temperature, a pH greater than 8 would not support E. coli growth (40) . In our study, compost pH values were Ͼ8 after 28 days, and this pH could have contributed to the decline in generic E. coli populations to nondetectable levels in all but one compost sample collected from the east side of the static control pile. We found reduction of fecal coliforms throughout the composting process, but they were not completely inactivated in the static pile. Similar observations were reported by Pourcher et al. (19) , who reported survival of fecal indicators even when temperatures reached 66°C.
The results of our study suggested that a 30-cm finished compost covering with a bulk density of ϳ298 kg/m 3 covering fresh static and windrow compost piles with surface area-to-volume ratios of 1.5 to 3.6 m 2 /m 3 (which is within the range of 1.4 to 3.5 m 2 /m 3 reported for full-scale compost piles [42] ) increases the temperature and number of days at Ն55°C in those piles. Such increased temperatures in these types of full-scale piles with such covering likely result from diminished combined heat transfers (convective, conducive, and radiative) analogous to that of some in-vessel composting units (42) . The resulting rapid and sustained temperature increases can quickly reduce the populations of E. coli O157:H7 and other pathogens, such as Salmonella. The effect of covering is more pronounced at internal locations rather than at interfaces in the static compost piles, likely because of the relatively greater surface area-to-volume ratio than in the windrows. A deeper layer (e.g., 40 to 60 cm) of finished compost covering than what was used in this study would be expected to moderate the temperature at the pile-to-cover interface zone by reducing the rate of heat loss. The depth of the cover relative to the effect on the interfacial temperature should be measured, since environmental conditions and the density, particle size, and moisture content of the cover can influence heat loss from the pile through the combined effects of convective, conductive, and radiative heat transfer (10, 42) . Turning of windrow piles in addition to the FC covering layer enhances pathogen inactivation in windrow piles compared to inactivation in static piles. In addition, curing of composts for extended periods after the primary self-heating phase contributes to achieving the stability and maturity of the product and to additional pathogen reduction. A 30-cm finished compost covering can aid in reducing E. coli O157:H7 to undetectable levels to meet pathogen reduction standards for composting and to minimize the potential contamination of soil when compost is used as a soil amendment.
